Computer-generated holograms have wide applications in different fields of optics, ranging from imaging, data storage, to security.Herein, we report a new method for the fabrication of large-scale computer-generated holograms from an inexpensive material, such as Silicon. Our approach exploits dry etching to create a series of broadband nanoantennas, which can tune the reflectivity of Si from an average of 0.35 to 0.1 in the entire visible range. We demonstrated the realisation of different images at wavelengths of 450 nm, 532 nm, and 632 nm with an efficiency of 10%, 14%, and 12%, respectively, thus opening up the application of large-scale broadband computer-generated holographic surfaces.
Introduction
Holography has been largely exploited in a vast range of fields, such as imaging [1] [2] [3] [4] [5] , synthetic optical elements [6] , data storage [7] , metrology [8] , and anti-counterfeiting [9, 10] .
Computer-generated holograms reconstruct 2D, as well as 3D objects, calculating the required interference pattern both in the phase and amplitude based on light propagation simulations [11] [12] [13] [14] .
The recent progress in laser and computer technology allows us to fully take advantage of Computer-Generated Holograms (CGH). CGH has the capability to reconstruct 2D, as well as 3D objects by numerically generated patterns based on the intensity and phase profiles of the object that do not need to exist in reality [15] [16] [17] . Currently, the realisation of efficient and miniaturised holograms passes through complicated fabrication processes and sometimes expensive materials, such as gold, that are difficult to scale up [18] [19] [20] [21] .
In this work, we present a new efficient method to fabricate a broadband intensity binary hologram using a single inexpensive dielectric material. We leverage on the possibility to selectively turn different areas of a Si wafer into a series of Si nanoantennas, which can change the reflectivity of the Si to obtain a completely dark material [22] .
This technique was inspired by the fabrication of Black Silicon BSi [23] [24] [25] , that was created by patterning the entire surface of the sample. The fabrication involves a photolithography step to transfer the interference pattern on the Si sample, and a subsequent dry etching process which generates a local pattern of Si nanotips that behaves as broadband nanoantennas on specific areas of the sample. This process changes the effective refractive index of the Si, opening up the possibility of obtaining surfaces with very low reflectivity. Currently, BSi is mostly being used as a bulk material, and there have been no applications in holography.
Herein, we present our experiments in which we created different holographic images, and we show their broadband response by illuminating them with three different wavelengths from 440 nm to 632 nm. Our results enable the possibility to develop a cost-effective and large-scale platform to fabricate broadband binary amplitude holograms.
Material and Methods

Binary Computer Generated Hologram Algorithm
The CGH was generated using the conventional ray-tracing approach, where each object point in the 2D array is treated as a source of spherical wave, modelled by:
where A o is the light wave amplitude (it can take values of either 1 or zero, since it is a binary hologram), exp(ikr) is the phase factor, k is the wave number, and r is the distance between the object point at the x, y plane, and x , y parallel plane, given by:
The z-axis was chosen to be perpendicular to the hologram, where the hologram was set at z = 0 and the object plane was set to z = −60 cm. The reference wave was chosen to be a plane wave (as it can produce clear reconstruction images), described as:
The total amplitude is computed by summing up all the contributions of the object wave and spherical wave at each point,
where p is the index at each object point. The intensity of the total field is calculated as follows:
At this stage, the intensity is a continuous representation of the interference pattern. In order to obtain a pattern suitable to be transferred onto the BSi material, binarization based on a certain threshold was applied to the intensity matrix. The CGH pattern was generated using a MATLAB platform, and the simulation parameters are set as follows: the wavelength is set to 532 nm (λ = 532 nm), hologram dimension of 3 cm × 3 cm, and sampling distance of 10 µm, which in turn leads to a pixel resolution of 3000 × 3000 pixels. The reference wave (plane wave) was designed such that it illuminates the hologram plane at a perpendicular direction. Once the hologram matrix was calculated (as the sum of the object wave and the reference wave matrices), the hologram iwass binarized in such a way that the amplitude values across the interference pattern can only assume the values of 0 or 1.
Fabrication of Binary Computer Generated Hologram
To clean the Silicon wafer, it was first submerged in Acetone, and then in Isopropyl Alcohol (IPA), and subsequently rinsed with deionised water and dried with a N 2 gun-blower. Then, a 10 µm thick layer of AZ9260 positive photo-resist was spin-coated onto the sample. The sample was then baked for 180 s at a temperature of 110 • C. The lithography process starts fabricating a chromium photomask by means of direct laser writing with a resolution of 1 µm. The Si wafer is then exposed through the mask by Ultraviolet (UV) light with a dose value of 1800 mJ/cm 2 , in order to transfer the calculated interference pattern on the Si wafer. The sample was then submerged into a developing bath using a AZ726 developer for 6 minutes. The developer removes the exposed area, leaving the sample with the desired pattern. Reactive Ion Etching was applied in order to transform the photoresist free area into black silicon. The gasses used to perform the etching procedure were O 2 and SF 6 ions, with a dose of 20 sccm each. The chamber pressure was set to 30 mtorr, with a RF power of 50 W and Inductively Coupled Plasma (ICP) power of 50 W. The recipe used was discovered through an optimisation procedure against the the following parameter, O 2 from 10 to 20 sccm keeping the SF 6 at 20 sccm, while RF power was swiped from 50 W to 100 W, and the same for the Inductively Coupled Plasma (ICP). After the etching process was concluded, the sample was exposed to UV light for 120 s. Finally, the sample was submerged again into the AZ 726 developer for 6 minutes in order to remove the rest of the photo-resist material, leaving reflecting and absorbing surfaces on the sample.
Optical Setup
The optical setup for imaging reconstruction of the fabricated CGH is illustrated in Figure 1c . In this study, the reconstruction beam was continuously illuminated by diode lasers with different wavelengths of 440 nm, 532 nm, and 632 nm, respectively. The laser source beam was collimated using a lens of 10 cm focal length, which guarantees the right beam-spot dimension. The beam then illuminates the hologram by passing through a beam-splitter in transmission. The object wavefronts were captured via the imaging screen after passing back to the beam-splitter in reflection. The reconstruction process was carried out in a darkroom. The efficiency of the BSi hologram was calculated as the ratio between the power in the holographic image and the total power illuminating the holographic plate.
Results
Figure 1a,b shows the concept of BSi holograms. The fabrication process starts calculating the binary amplitude interference pattern (see Materials and Methods). This is then recorded in the resist layer, on top of the Si surface, through a photolithography process. Once the sample is developed, the subsequent dry etching process generates subwavelength Si nanoantennas in the resist-free areas of the Silicon wafer.
To project the hologram image onto a screen, we illuminated the sample with a laser source of a specific wavelength. The image is formed by using the optical setup shown in Figure 1c , in which the hologram and the sample are at 90 • with respect to each other.
The broadband reflectivity of the flat Si and the broadband absorbance of the BSi allows the hologram to work at different wavelengths.
Appl. Sci. 2019, xx, 5 3 of 7 through the mask by Ultraviolet (UV) light with a dose value of 1800 mJ/cm 2 , in order to transfer the calculated interference pattern on the Si wafer. The sample was then submerged into a developing bath using a AZ726 developer for 6 minutes. The developer removes the exposed area, leaving the sample with the desired pattern. Reactive Ion Etching was applied in order to transform the photoresist free area into black silicon. The gasses used to perform the etching procedure were O 2 and SF 6 ions, with a dose of 20 sccm each. The chamber pressure was set to 30 mtorr, with a RF power of 50W and Inductively Coupled Plasma (ICP) power of 50W. The recipe used was discovered through an optimisation procedure against the the following parameter, O 2 from 10 to 20 sccm keeping the SF 6 at 20 sccm, while RF power was swiped from 50 W to 100 W, and the same for the Inductively Coupled Plasma (ICP). After the etching process was concluded, the sample was exposed to UV light for 120 s. Finally, the sample was submerged again into the AZ 726 developer for 6 minutes in order to remove the rest of the photo-resist material, leaving reflecting and absorbing surfaces on the sample.
Optical Setup
The optical setup for imaging reconstruction of the fabricated CGH is illustrated in Figure 1c . In this study, the reconstruction beam was continuously illuminated by diode lasers with different wavelengths of 440 nm, 532 nm, and 632 nm, respectively. The laser source beam was collimated using a lens of 10 cm focal length, which guarantees the right beam-spot dimension. The beam then illuminates the hologram by passing through a beam-splitter in transmission. The object wavefronts were captured via the imaging screen after passing back to the beam-splitter in reflection. The reconstruction process was carried out in a darkroom. The efficiency of the BSi hologram was calculated as the ratio between the power in the holographic image and the total power illuminating the holographic plate. Figure 1a ,b shows the concept of BSi holograms. The fabrication process starts calculating the binary amplitude interference pattern (see Materials and Methods). This is then recorded in the resist layer, on top of the Si surface, through a photolithography process. Once the sample is developed, the subsequent dry etching process generates subwavelength Si nanoantennas in the resist-free areas of the Silicon wafer.
Results
To project the hologram image onto a screen, we illuminated the sample with a laser source of a specific wavelength. The image is formed by using the optical setup shown in Figure 1c Finally, Figure 2i -n plots the normalised reflectance of the structure for different etching times. The figure demonstrates the fact that the response of the structure is completely flat among all the visible wavelengths.
It can be seen that in Figure 2a for t = 20 min, the sample appears to be brown. This originates from the fact that at a low etching time, the Si nanotips are not yet created and the system is still reflective.
As the etching time increases, the height of pillars increases as well, reducing the reflectivity of the surface [26] . For an etching time comparable to t = 50 min (Figure 2h) we observe that the height of the Si nanotips starts to decrease. Another effect that appears beyond this etching time is also the etching of the protected layer, and how the sample starts to become completely black. It can be seen that in Figure 2a for t = 20 min, the sample appears to be brown. This originates from the fact that at a low etching time, the Si nanotips are not yet created and the system is still reflective.
As the etching time increases, the height of pillars increases as well, reducing the reflectivity of the surface [26] . For an etching time comparable to t = 50 min (Figure 2h) we observe that the height of the Si nanotips starts to decrease. Another effect that appears beyond this etching time is also the etching of the protected layer, and how the sample starts to become completely black. Figure 3a shows the original digital image that we chose to record for our BSi holograms, where it is composed of a sketch of the Rubiks cube with the word PRIMALIGHT. To show the large-scale possibilities of this technique and the possibility to fabricate more than one hologram at the same time, Figure 3b shows four different fabricated samples on the same Si wafer. Although the patterns are designed to work at 532 nm, all of them are able to work for multiple wavelengths. The dimension of the fabricated sample are 3 cm by 3 cm and 2 cm by 2 cm. Figure 3a shows the original digital image that we chose to record for our BSi holograms, where it is composed of a sketch of the Rubiks cube with the word PRIMALIGHT. To show the large-scale possibilities of this technique and the possibility to fabricate more than one hologram at the same time, Figure 3b shows four different fabricated samples on the same Si wafer. Although the patterns are designed to work at 532 nm, all of them are able to work for multiple wavelengths. The dimension of the fabricated sample are 3 cm by 3 cm and 2 cm by 2 cm. Figure 3c shows the numerically reconstructed image from computer simulations. Figure 3d -f shows the experimentally reconstructed images of the Rubiks cube with the word PRIMALIGHT, using the hologram highlighted by a red circle in Figure 3b and illuminated with different wavelengths, being (d) 440 nm, (e) 532 nm, and (f) 632 nm, respectively. The reconstructed images show very good accuracy with respect to computer simulations. We calculated efficiencies for the three wavelengths of 10%, 14%, and 12%, respectively. Figure 3c shows the numerically reconstructed image from computer simulations. Figure 3d-f shows the experimentally reconstructed images of the Rubiks cube with the word PRIMALIGHT, using the hologram highlighted by a red circle in Figure 3b and illuminated with different wavelengths, being (d) 440 nm, (e) 532 nm, and (f) 632 nm, respectively. The reconstructed images show very good accuracy with respect to computer simulations. We calculated efficiencies for the three wavelengths of 10%, 14%, and 12%, respectively. 
Conclusions
In this work, we have demonstrated the feasibility of manufacturing binary amplitude holograms by nanostructuring Si with a controllable pattern of broadband nanoantennas.
We demonstrated this technique on a large scale, along with the simultaneous ability to manufacture a whole Si wafer and with one photolithography step.
Different techniques can also be explored within this method to transfer the interference pattern in the photoresist at a higher resolution than photolithography, including nanoimprinting, deep UV photolithography, and electron beam lithography. The intrinsic characteristic of this nanofabrication method is a fast, large-scale, and cost-effective fabrication.
This approach can also enable the realisation of holograms on flexible Silicon substrate, which can be integrated into wearable and flat electronic devices for optical imaging, data storage, and security. They can also be employed as anti-fake stamps for credit cards and currencies. Remarkably, we show that the broadband nature of the reflectivity properties of both Si and BSi allow the same hologram plate to work at different wavelengths, without observable image reconstruction losses. 
